The demand for global freshwater is growing, while global freshwater available for human use is limited within a certain time and space. Its security has significant impacts on both the socioeconomic system and ecological system. Recently, studies have focused on the urban water security system (UWSS) in terms of either water quantity or water quality. In this study, water resources, water environment, and water disaster issues in the UWSS were combined to establish an evaluation index system with system dynamics (SD) and geographic information systems (GIS). The GIS method performs qualitative analysis from the perspective of the spatial dimension; meanwhile, the SD method performs quantitative calculation about related water security problems from the perspective of the temporal dimension. We established a UWSS model for Guizhou province, China to analyze influencing factors, main driving factors, and system variation law, by using the SD method.
INTRODUCTION
Water resource plays irreplaceable roles in the natural ecosystem and the socio-economic system. Water is essential in maintaining the sustainable development of regional societies and economies, as well as for upholding complete cycles in regional natural ecosystems. The pursuit of rapid economic growth under the national strategy of 'western development' has caused water scarcity and water quality deterioration in the major cities in Guizhou province, one of the five ecologically fragile areas in China, in which the world's most typical karst landscape is located from a subtropical to tropical zone. The strategy has also accelerated the degradation of the regional ecological environment. Furthermore, water deprivation has restricted the sustainable development of the regional social economy (Nakayama et al. ; Zhang et al. ; Zhou & Peng ) . So water security is directly related to the benign development of the ecosystem and sustainable development of the social-economic system. According to the concept of water security (Bassi et al. ) , an urban water security system (UWSS) is divided into three aspects: water resource, water environment, and water disaster. These three elements exhibit dynamic and complex characteristics. Numerous countries have focused on water security issues in their national security strategies. At the Fourth Water Forum in 2012, United Nations Secretary-General Ban Ki-moon called on the international community to immediately put solving water-related issues into practice. Papers related to water are growing steadily, most of them published over the past 5 years. The published papers indicate the tremendous importance of water security issues (Bakker ; Cook & Bakker ) . Hurk et al. () studied the water security of England. Some researchers have combined water security with water utilization (Godwin et al. ) . Winz et al. () and Ryu et al. () solved dynamic and complex issues in water resource management as well as the interaction between surface water and groundwater by using the system dynamics (SD) method. The relationship between water security and atmosphere has already been focused on (Lucija et al. ) . Moreover, experts have found that water security impacts on the regional ecosystem (Pusch & Hoffmann ) . A plan for water quality and water security development was drawn up (Shchedrin & Kosichenko ; Yakimenko ; Jia et al. ) . Numerous scholars have studied water security and achieved significant progress (Wei et al. ) . However, the rapid development of society and the economy, as well as the growing population, has drastically changed the social environment and water security. No in-depth research has investigated the interaction between water security, society, and the economy through the SD method. Meanwhile, a water security system includes the subsystems of water resource security, water environment security, and water disaster security. All the subsystems interact with and restrain each other. Furthermore, considering that most research (Khan et al. ; Zarghami ; Zarghami & Akbariyeh ) has focused on the issue of a single subsystem or ignored the water disaster security subsystem easily, this study integrates multiple factors. Combining a geographic information system (GIS) with the SD method to predict the development of water security, we can overcome the limitations mentioned above. Firstly, the integration of the two methods can consider the interactions among the internal factors of a system during dynamic quantitative evaluations of water security. Secondly, the change of spatial distribution of water security is accomplished with GIS technology. We provide strategies for local government, according to the regions future development.
MATERIALS AND METHODOLOGY

Study area
Guizhou province (103
located in the southwest of China ( Figure 1 ) and covers an area of 17.6 × 10 4 km 2 . Its landscape consists of 61.7% mountains, 30.8% hilly land, and the mountain of 'bazi' accounts for 7.5%. Guizhou is the only province without any plain landscape in China. The elevation increases gradually from east to west with an average altitude of 1,100 meters. The average precipitation in recent years is 1,179 mm and the average evaporation amount is 1,220 mm. The regional water resource per capita is 2,800 m 3 , which is more than the national figure of 2,100 m 3 . Despite this, the rainfall of the southwest Karst area is rich, and special geological conditions and regional characteristics mean that the mining and distribution of water resources are very complex. Water scarcity in Guizhou province mainly results from water quality reduction and engineering water. Urban water consumption and wastewater emissions are increasing dramatically so that there is a need to figure out the more severe area of water security problems and the main factors influencing urban water security. In order to provide a scientific basis for decision makers and managers, ensuring the coordinated development of the social economy and the water ecological environment is a crucial task in Guizhou province.
Establishment of an urban water security index system
The establishment of a scientific and reasonable index system would help to provide a basis for the accurate assessment of regional water security. Water security is a large complex issue with many factors. But, there is no uniform standard index system at present. The traditional pressure-state-response (PSR) framework is more used to establish an evaluation index in academia. The PSR model can reflect the inter-relations between nature, economy and social factors, providing a logical basis for a water security index. Thus, we adopt this framework from three aspects of water security to establish an evaluation indicator system.
(1) Water resource security aspect: following the basic principle of UWSS and the Karst regional water circulation mechanism. The Pressure index (P) mainly reflects the trend of social and economic development and the contradiction between supply and demand of water resources in the Karst region -this paper chose natural population growth, the urbanization rate, total water resources and water demand (production, life and ecology) as the indexes to represent the pressure of water resources. State index (S) illuminates the maximum population and socio-economic scale that can be sustained by the local water resources -this paper selected water consumption per 10,000 RMB and water resources per capita as indicators to replace the regional water resources carrying condition; Response index (R) mainly expounds how humanity take measures to solve the influence -so water use efficiency, investment in fixed assets and the forest coverage rate were chosen.
(2) Water environment security aspect: based on the basic principle of a water security system, the pressure (P) index mainly reflects the potential cause of change in the water environment in the Karst area, reflecting how socio-economic development has an impact on the water environment state. So total waste water including industrial emissions and life emissions was selected. The state (S) index mainly explains water environment quality conditions and the current state of water quality and impact on socio-economic development -this study selected the target rate of water function zone and water pollution accidents Response index (R) mainly refers to the socio-economic impact on water environment change, and how humans have taken active measures to respond to the water environment changes -so the selections were the standardreaching rate for industrial wastewater discharge and treatment rate of city waste water in order to express the response of humanity to water environment changes. (3) Water disaster security aspect: the pressure (P) index is a potential cause of the Karst area's water disaster. Landslides and debris flow in the Guizhou Karst area are the main water disaster occurrences. Therefore, soil and water losses and rainfall were chosen as the evaluation indicators; the state (S) index reflects the status of water disaster and flood influence on humans. Flood disaster and flood frequency were chosen as the indices to be expressed; the response index (R) contains a rocky desertification area proportion and water conservancy construction investment.
The water security evaluation indexes system is shown in Table 1 . The paper defines the assessment standard complying with the requirements of international healthy and ecological cities. Accordingly, the assessment standard was divided into five ranks: Crisis, Insecurity, Basic security, Security, and High security. The paper adopted the commonly suggested value of a healthy ecological city as a value of High security (Hu et 
Assessment model
This study used a set pair analysis (SPA) method to establish an evaluation model for a regional water security development level. SPA was proposed by Zhao Ke-qin in 1989. It is used to study the certainty and uncertainty of things mainly from three aspects with same-contrary-indefinite connection studies, to fully express the relationship between different things, and to make the results closer to the actual situation (Zhou & Peng ) . For instance, for two given sets A and B, they consist of H ¼ (A, B). Analyzing the characteristics of H, there are a total N features. In the total features, there are S features that belong to two sets A and B. There are P features that belong to A but do not belong to B or belong to B but do not belong to A, and the rest F þ N -S -P features neither belong to A nor to B. Water security is a large system with certainty and uncertainty. The SPA method is applied to water security assessment, evaluation indices are set as A and evaluation standards are set as B. If the value of the evaluation index belongs to the range of a standard, the feature is S, if the value of the evaluation index is next to the standard, the feature is F, if the value of the evaluated index is separated by another standard, the feature is P. We selected the actual value of evaluation indicators in 2012. The formulas are below:
aliased as:
where η is connection degree; a, b, c are components of connection degree; a, b, c ∈ [0, 1], a stands for the same degree; b refers to degree of difference; c refers to degree of opposite; they meet the demand of a þ b þ c ¼ 1; i is discrepancy coefficient, reflecting the change between certainty and uncertainty, i ∈ [À1,1]; j is opposite coefficient, its value is À1, meaning that (P=N) and (S=N) are opposite.
Spatial analysis based on GIS
A GIS is a system which is designed to store, edit, analyze, share, and display spatial or geographic information. Based on the assessment results of the SPA model about water security in the cities of Guizhou province, the future values of indicators can be calculated according to their dynamic changing tendencies in the SD model. Subsequently, we used the assessment results of every subsystem in every city at the same time to construct a new GIS database to reflect the rank of water security. Finally, the spatial distribution of water security in Guizhou province was obtained by using GIS software.
Establishment of an SD model
SD is an approach to understanding the nonlinear behavior of complex systems over time using stocks, flows, internal feedback loops, and time delays. We applied an SD model to study the urban water security of Guizhou province according to cybernetics, system theory, and information theory. This can elucidate the interaction and relationships among many influencing factors to perform a dynamic simulation test. The purpose of this test is to investigate the changing performance and tendencies of UWSS in alternative scenarios for supporting corresponding policies and managements. A stock-flow diagram of UWSS is shown in Figure 2 . The indicators related to water resources security are highlighted in red. The indicators related to water environment security are presented in green and those standing for water disaster security are indicated in blue. For these indicators, there were six most important variables: driving forces index, pressure index, status index, influence index, response index and water security composite index, and they were highlighted in purple. They corresponded to the five sub-systems in the whole water security system. In total, the five sub-systems determine the probable scenarios of the water security system through interaction and feedback among them. The model is written in VENSIM software with a time step of 1 year, and a time span of 20 years from 2005 to 2025. The standard data come from the standard of surface water quality in China (GB3838).
Validation of the SD model
the real values from 2005 to 2010. This indicates the validity of the model. Secondly, in order to observe the response of the composite index variable of water security, we chose 14 major parameters of the water security system. The values of parameters are ranked at 3%, 2%, 1%, À3%, À2%, À1%, respectively. The analysis in Table 3 shows that the changing range of the water security composite index in 2025 is reasonable when less than ±10%. So, the developed SD model is reliable to elucidate the causal feedback relationship and predict the dynamic change of water security system. We can see from Table 3 that the sensitivity slopes of the eight parameters, including the natural population growth rate, GDP growth rate, water quota of farmland irrigation, water quota of woodland and livestock, urban domestic water demand, urbanization level, water and soil loss, the rate soil erosion area, are positive. But the sensitivity slopes of the six parameters including water use efficiency, ratio increase of the standard of water quality, the rate of treated industrial wastewater, the rate of treated domestic wastewater, the rate of environment investment and the rate of water resources investment, are negative. Sensitivity slopes were applied to describe how the water security composite index was verified with parameters variation. For example, the sensitivity slope of the natural growth rate of population was calculated by the two points at (3%, 0.0001) and (À3%, À0.000072); the sensitivity slopes of GDP Growth Rate were calculated by the two points at (3%, 0.0095) and (À3%, À0.0094); other parameters are the same. As shown in Table 3 , we found that the larger the absolute value of sensitivity slope was, the more sensitive the water security composite index was, that is, the value of water security composite index changed to a larger extent. A positive sensitivity slope will cause the rising of the water security composite index in 2025, while a negative slope will cause the opposite result. The water security composite index reflects the driving force index, pressure index, state index, influence index, and response index. When its value is zero, it means that water security system is balanced. If the composite index value is more than zero, the UWSS is unsafe. If the composite index value is less than zero, the UWSS is safe. In this case, if we increased or reduced the largest absolute value of sensitivity slopes, we would achieve the goal of reducing the water security composite index and make the urban water security comprehensive state more and more secure. Instead, the water security state of the city will become more and more insecure. So, the ways to improve the water security state of the city are summarized as follows: we should reduce agricultural water consumption and urban domestic water demand; at the same time, improve the impact factor ratio increase of to the standard of water quality, and improve the rate of environment investment.
RESULTS AND DISCUSSION
Spatial distribution analysis results based on GIS
Based on the assessment results of the SPA model about water security in cities of Guizhou province above, we input the assessment results into GIS software and the ranked distribution is clear to see. Figure 4 (a) shows the spatial distribution of water resources security subsystem under the evaluation of the SPA model. The security of water resources subsystem in Guiyang city is critical because water resource per capita in Guiyang is lower than other cities. The state of Zunyi, Tongren, Qiandongnan, and Qiannan are marked security; it also confirms that the water supply is greater than the actual demand. Anshun and Qianxinan rank as basic security; supply and demand for water are balanced. Bijie and Liupanshui are at insecurity state and water supply cannot meet water demand. The security of the water environment subsystem is secure in Guiyang and Zunyi. The states of Bijie, Anshun, Qiandongnan, and Qiannan is basic security and the water quality level just reaches the standard; Liupanshui and Qianxinan are insecurity, the water environment is vulnerable and is easy to be damaged in Figure 4(b) .
Figure 4(c) shows the security of the water disaster subsystem. The state of Qiandongnan is very secure. Guiyang, Anshun, Qiannan, and Qianxinan are also secure. The security of water disaster in Zunyi is basic secure; Tongren, Liupanshui are insecure; Bijie is in a state of crisis. 
Dynamic analysis results based on the SD model
According to the GIS method, it is possible to know the water security state of every city in Guizhou province. But that is not enough. We also need to illustrate the impact factors of water security and the future dynamic changing tendency of water security indicators.
For different developing purposes in the water security system, some simulation scenarios can be assumed by adjusting variables and parameters. In order to represent other water security states of the city, we selected three typical cities (Guiyang city, Zunyi city, Bijie city) to represent Guiyang scenario, Zunyi scenario, and Bijie scenario in Guizhou province based on the actual values of specifically related parameters. The combined scenario was the optimal combination of the other three scenarios. The parameter values in the combined scenario were derived by increasing or decreasing by ten percent according to the best parameter value in the three scenarios.
These scenarios can reflect and predict the system's performance and tendency with the established SD model. The detailed settings of parameters in typical cities scenarios and the combined scenario are compared in Table 4 .
Water demand stands for the security status of the water resources subsystem. From Figure 5 (a), we can see that in the Guiyang scenario from 2005 to 2017, the gap of water resources is negative. This means that water supply is lower than water demand and water resources are short. But the gap is small. However, the gap of water resources increases faster and faster from 2017. The gap of water resources will reach 102 hundred million cubic meters by 2025; In Zunyi scenario ( Figure 5(b) ) and Bijie scenario ( Figure 5(c) ) from 2005 to 2017, the gap of water resources is positive. This says that water supply is higher than water demand and water resources are surplus. But the gap of water resources turns negative and gradually increases from 2020; in the Bijie scenario, the gap of water resources becomes negative and increases slowly since 2019; in the combined scenario ( Figure 5(d) ), we deduce the value of the water quota of farmland irrigation and urban domestic water demand by 10%, respectively. The gap of water resources in the combined scenario is 30% higher than that in the Guiyang scenario, 4% higher than that in the Zunyi scenario, and 15% higher than that in the Bijie scenario by 2025. At the same time, the gap is the lowest in the combined scenario.
The emission amount of wastewater represents the safety status of the water environment subsystem. It can be seen from Figure 5 (a) that the emission amount of wastewater increases gradually from 2011. It is the highest The rate of treated industrial wastewater (%) 97.2 89.5 80.6 99.14 increasing amount in the Bijie scenario ( Figure 5(c) ), which will reach 9.9 hundred million tons by 2025. It is the second amount of wastewater in the Zunyi scenario ( Figure 5(b) ), which will be 6.6 hundred million tons and then the lowest in the Guiyang scenario ( Figure 5(a) ) which may be 3.7 hundred million tons by 2025. Under the combined scenario ( Figure 5(d) ), we improve the ratio increase of the standard of water quality by 2%, the emission amount of wastewater is 3.0 hundred million tons. The amount of wastewater in the combined scenario is 18.9% lower than that in the Guiyang scenario, 54.5% lower than that in the Zunyi scenario, and 69.7% lower than that in the Bijie scenario by 2025. This conforms to the standard of environment-friendly development pattern.
The investment in water resources conservancy is used to reflect the safety status of the water disaster subsystem. The investment is kept at a low level in the Guiyang, Zunyi and Bijie scenarios. Starting from 2015, the investment began to increase in all scenarios. In the combined scenario ( Figure 5(d) ), the study deduces the value of 10% of water and soil loss area and improves the rate by 10% of environment investment. The investment of water resources conservancy in the combined scenario is 10% higher than that in the Guiyang scenario, 78.7% higher than that in the Zunyi scenario, and 186.2% higher than that in the Bijie scenario by 2025.
The water security composite index represents the comprehensive safety status of the water security system. It is the feedback relations of water resources subsystems, water environment subsystem, and water disaster subsystem. As mentioned above, when the composite index value is more than zero, UWSS is unsafe. If the composite index value is less than zero, UWSS is safe. We can conclude from Figure 5 (a) that the composite index is less than zero. This means the system is secure in the Guiyang scenario from 2005 to 2008. But by 2008, the composite index becomes greater than zero, and the system turns insecure. Furthermore, the trend of the composite index value will increase from À0.1 in 2005 to 0.58 in 2025, implying that the comprehensive safety status will be more and more insecure.
In Figure 5 (b), the composite index value was 0.59 in 2005. It kept increasing until 2012; the value was the largest 0.75. Then the composite index experienced a decline after rising, by 2025 the value will be 0.6. So the level of UWSS is lower in the Zunyi scenario than in the Guiyang scenario from 2005 to 2025.
And the composite index is more than zero and is rising continually during the period 2005-2025, when the value changed from 0.7 to 1.52 ( Figure 5(c) ). The level of UWSS is lower in the Bijie scenario than in the previous two scenarios.
Under the combined scenario, we reduced agricultural water consumption, urban domestic water demand, and improved the impact factor water and soil loss area ratio increase of the standard of water quality and the rate of environment investment by 10% respectively. The composite index value was À0.4 in 2005 and will be 0.3 in 2025. The composite index in the combined scenario is 45.5% lower than that in the Guiyang scenario, 50% lower than that in the Zunyi scenario, and 80.3% lower than that in the Bijie scenario by 2025. The composite index is the lowest in four scenarios and the level of UWSS is the highest.
The evolution mechanism of the water security system
The evolution of driving factors of the water resources subsystem is mainly driven by two aspects: on the one hand, there are constraints including the fragile ecosystem and special karst landform features. Karst soil rocky desertification is not only a geo-ecological disaster induced by Karst geomorphology but is also a critical factor restraining the social and economic development of southwest China; on the other hand, it is mainly caused by water quotas for farmland irrigation and urban domestic water demand. The gap of water resources continues to increase in all scenarios before 2025 and will keep the evolutionary trend. Karst depression is the main landscape in Guizhou province.
Multi-year average precipitation is 900-1,300 mm. Water resources are rich and the water resource per capita is 2,829 m 3 , which is 1.26 times larger than nationally. But high mountains and low rivers are distributed in these regions, and the difference of elevation between plateau surface and river is so great and the value is 200-800 m. It is hard to pump surface water to the plateau and economic benefit is poor. The driving factor of the water environment subsystem is mainly caused by the factor of ratio increase of the standard of water quality. The emission of wastewater will continue to increase and the trend will not change in the years before 2025 in the Guiyang, Zunyi and Bijie scenarios. In the scenario of coordination, the emission of industrial wastewater reduces significantly when the factor of the ratio increase of the standard of water quality only improves by 2%. Some evidence suggests that the rate of treated industrial wastewater will be increased to 85% by 2020 in Bijie city, the emission of wastewater will reduce, and the ecological environment will be better and better.
The evolution driving factors of the water disaster subsystem are mainly controlled by two reasons: one is that the precipitation is abnormal caused by climate change and extreme high temperature. The extreme weather also leads to flooding occurring frequently. Research has shown that flood disaster has increased as precipitation decreased; another reason is that some adaptation countermeasures for water disasters caused by climate change are insufficient and water conservancy investment is also lacking. Water is one of the most sensitive sectors to climate change and it is significant to evaluate impacts of climate change on water resources. The evolution of the water disaster subsystem is uncertain, but with the protection of water conservancy facilities, the occurrence of a water disaster will reduce.
The selection of optimization scenario
Guiyang city is the centre of politics, economy, and culture in Guizhou province. The level of social and economic development in Guiyang city is at the front rank of Guizhou. Based on the characteristics analysis of the water security system above, the adjustment strategies of Guiyang city are as follows: the most important of all is to improve the security level of the water resources subsystem, followed by focus on the water environment subsystem and water disaster subsystem. The government should put forward a reasonable plan for water engineering. We suggest inter-basin water transfers because they are an effective way to settle the uneven distribution of regional water resources to achieve district-optimal allocation. In order to increase underground water storage capacity, it is suggested that the underground river and groundwater observation posts be developed. These strategies match well with the proposed twelfth fiveyear water conservancy planning of Guizhou province for Guiyang city (WRD GZ ).
Zunyi city is located in the main area of the Yangtze River shelter-forest comprehensive development zone and is one of the important towns in western China. Based on the characteristics analysis of the water security system above, the adjustment strategies of Zunyi city are that: it is urgent to strengthen the security level of water environment and water disaster subsystems. The proposal is that the investment funds of water conservancy facilities should be improved and awareness of flood and drought control should be raised. These strategies are also in good agreement with the proposed twelfth five-year water conservancy planning of Guizhou province for Zunyi city (WRD GZ ).
Bijie has had accelerated development since 1989 as the experimental area of 'poverty relief and ecological construction'. But economic development has also caused serious water pollution. Based on the characteristics analysis of the water security system above, the adjustment strategies of Bijie city are as follows: management measures should be strengthened in all aspects of the water security system. Especially, the ecological environment and water environment should be improved at the same time. Secondly, the water requirements of industrialization and urbanization need to be guaranteed. Thirdly, in order to harness the small and medium-sized rivers, local government should protect wetland ecological systems as much as possible. These were also put forward in the twelfth five-year water conservancy planning of Guizhou province for Bijie city (WRD GZ ).
A coordination scenario is the optimal combination of a water resources subsystem, water environment subsystem, and water disaster subsystem. Another scenario may refer to the coordination scenario for deliberate adjustment and control in order to achieve the best water security level.
CONCLUSIONS
In recent years, many scholars have focused on the issue of limited freshwater availability in a city. They paid much attention mainly to water volume, but it was not enough to only account for water volume in policy-making and from a local government view. Urban governors need to take into consideration economic, social, technological and environmental issues. An integrated and acceptable methodology is desired to maintain the sustainability of urban water security. First, we used the 'PSR' framework to establish integrated indicators from water resources, water environment, and water disaster. Second, we developed an integrated evaluation model-SPA to make an urban water security evaluation for nine cities of Guizhou province in 2010. According to the classification criterion, the evaluation results showed that three cities were at a secure state, four cities at the basic secure state, and two cities in an insecure condition. Then we presented spatial security level information of water resources, water environment and water disaster using GIS software. The significance of our method is that we can clearly see where water scarcity is, where seriously polluted water is and where water hazards occur. Third, the SD methodology was applied to simulate three typical urban water security scenarios and to predict trends of different scenarios. At the same time, we set a combined scenario to compare the three typical scenarios. In the SD model, we used the water security composite index to illustrate the status of UWSS. The composite index quantified the security status and reflected the urban holistic level that a single indicator cannot meet.
Based on the simulation of an SD model, we found that currently three scenarios of water security in Guizhou exist in various degrees of impairment. The Guiyang scenario mainly manifests in the aspect of water supply and demand; the Zunyi scenario is embodied in the aspect of water environment and water disaster subsystems; the Bijie scenario shows the crisis in all subsystems. In order to efficiently improve the UWSS, the main factors that influence water security composite index were researched. According to sensitivity analysis, water quotas of farmland irrigation, urban domestic water demand, water and soil loss, ratio increase of the standard of water quality and the rate of environment investment are the influencing factors. Thus special attention should be paid to these factors for policy-makers and local regulators. Next, we adjusted the impact factors and set a combined scenario from the administrator perspective. Comparing with the other three scenarios, we realize that water supply can meet the needs of social and economic development, and the biggest economic benefits and environmental benefits could be obtained before 2025 under the combined scenario. Our results are highly anticipated to help promote the sustainable development of UWSS of Guizhou province in southwest China.
